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The methods may also include forming a second trench in the
active region by enlarging the first trench using a directional
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FIG. 1
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METHODS OF FORMING SEMICONDUCTOR
DEVICES INCLUDING A STRESSOR IN A
RECESS

CROSS-REFERENCE TO RELATED
APPLICATION

This U.S. non-provisional patent application claims prior-
ity under 35 U.S.C. §119 to Korean Patent Application No.
10-2012-0133248, filed on Nov. 22, 2012, in the Korean
Intellectual Property Office, the disclosure of which is hereby
incorporated by reference herein its entirety.

FIELD

The present disclosure generally relates to the field of
electronics, and more particularly, to semiconductor devices.

BACKGROUND

To improve electrical characteristics of semiconductor
devices, a variety of strain technologies have been developed.

SUMMARY

A method of forming a semiconductor device may include
forming a lightly doped drain (LLDD) in an active region in a
substrate and forming a fast etching region including phos-
phorous in the LDD. The method may also include forming a
first trench in the active region by recessing the fast etching
region and forming a second trench in the active region by
enlarging the first trench using a directional etch process. The
second trench may include a notched portion of the active
region. The method may further include forming a stressor in
the second trench and forming a gate electrode on the active
region. In various embodiments, the LDD may include boron.

According to various embodiments, forming the first
trench may include performing an isotropic etch process. The
first trench may include an upper trench formed by recessing
the fast etching region and a lower trench connected to alower
portion of the upper trench. The lower trench may have a first
width narrower than a second width of the upper trench. In
various embodiments, forming the first trench further may
include performing an anisotropic etch process before per-
forming the isotropic etch process.

According to various embodiments, the notched portion of
the active region may include an upper sidewall and a lower
sidewall contacting the upper sidewall. An angle between an
uppermost surface of the active region and the upper sidewall
may be an acute angle and the upper sidewall may be non-
coplanar with the lower sidewall. In various embodiments,
the upper sidewall may contact the lower sidewall at a con-
vergence interface on a surface of the LDD. The gate elec-
trode may overlap the convergence interface of the upper and
lower sidewalls and an edge portion of the upper sidewall may
protrude beyond an adjacent sidewall of the gate electrode.

In various embodiments, a width of the fast etching region
may be narrower than a width of the LDD. A first depth of the
fast etching region may be shallower than a second depth of
the LDD. A portion of the LDD may be formed between the
active region and the fast etching region. A portion of the fast
etching region may be between the LDD and the stressor,
after forming the stressor.

According to various embodiments, the method may fur-
ther include forming a preliminary gate electrode on the
active region and a spacer on a sidewall of the preliminary
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2

gate electrode before forming the LDD and removing the
preliminary gate electrode after forming the stressor.

According to various embodiments, the method may fur-
ther include forming a preliminary gate electrode on the
active region and a spacer on a sidewall of the preliminary
gate electrode before forming the fast etching region and
removing the preliminary gate electrode after forming the
stressor.

In various embodiments, the method may further include
forming a preliminary gate electrode on the active region and
a spacer on a sidewall of the preliminary gate electrode before
forming the first trench and removing the preliminary gate
electrode after forming the stressor.

According to various embodiments, forming the stressor
may include forming a first semiconductor layer in the second
trench, forming a second semiconductor layer on the first
semiconductor layer and forming a third semiconductor layer
onthe second semiconductor layer. The first and second semi-
conductor layers may include a material absent from the
active region. Forming the first, second and third semicon-
ductor layers may include performing selective epitaxial
growth (SEG) processes. According to various embodiments,
the first and second semiconductor layers may include
respective silicon germanium layers, and a germanium con-
centration of the second semiconductor layer may be greater
than that of the first semiconductor layer. The third semicon-
ductor layer may include a Si layer.

A method of forming a semiconductor device may include
forming a first lightly doped drain (LDD) in a first active
region and a second LDD in a second active region and
forming a first fast etching region in the first LDD of the first
active region and a second fast etching region in the second
LDD of the second active region. The first active region may
be in a first region of a substrate and the second active region
may be in a second region of the substrate. The first and
second fast etching regions may include phosphorous. The
method may also include forming a first preliminary trench
and a second preliminary trench by recessing the first and
second fast etching regions, respectively, and forming a first
trench and a second trench by enlarging the first and second
preliminary trenches, respectively, using a directional etch
process. The first trench may include a first notched portion of
the first active region and the second trench may include a
second notched portion of the second active region. The
method may further include forming a first stressor in the first
trench and a second stressor in the second trench and forming
a first gate electrode on the first active region and a second
gate electrode on the second active region.

According to various embodiments, the first notched por-
tion of the first active region may include a first upper sidewall
contacting a first lower sidewall at a first convergence inter-
face and the second notched portion of the second active
region may include a second upper sidewall contacting a
second lower sidewall at a second convergence interface. The
first gate electrode may overlap the first convergence inter-
face and the second gate electrode may not overlap the second
convergence interface. The first convergence interface may be
higher than the second convergence interface.

In various embodiments, a horizontal distance between the
first convergence interface and a sidewall of the first gate
electrode may be in a range of 0 nm to 5 nm, and a horizontal
distance between the second convergence interface and a
sidewall of the second gate electrode may be in a range of 1
nm to 3 nm.

In various embodiments, a vertical distance between the
first convergence interface and an uppermost surface of the
first active region may be in a range of 3 nm to 7 nm and a
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vertical distance between the second convergence interface
and an uppermost surface of the second active region may be
in a range of 8 nm to 12 nm.

According to various embodiments, the first convergence
interface may be formed on a surface of the first LDD, and the
second convergence interface may be formed on a surface of
the second LDD and wherein a boron concentration of the
second LDD may be greater than a boron concentration of the
first LDD.

In various embodiments, a phosphorous concentration of
the second fast etching region may be less than a phosphorous
concentration of the first fast etching region.

A semiconductor device may include a substrate including
first and second regions, a first gate electrode on a first active
region in the first region, a first trench in the first active region
adjacent a side of the first gate electrode and a first embedded
stressor in the first trench. The device may also include a
second gate electrode on a second active region in the second
region, a second trench in the second active region adjacent a
side of the second gate electrode and a second embedded
stressor in the second trench. The first and second regions
may include different respective pattern densities. The first
active region may include a first notched portion of the first
active region and the second trench may include a second
notched portion of the second active region. The first notched
portion may include a first upper sidewall and a first lower
sidewall contacting the first upper sidewall, and the first upper
sidewall and the first lower sidewall may converge at a first
convergence interface. The second notched portion may
include a second upper sidewall and a second lower sidewall
contacting the second upper sidewall, and the second upper
sidewall and the second lower sidewall may converge at a
second convergence interface. The first gate electrode may
overlap the first convergence interface and the second gate
electrode may not overlap the second convergence interface
and the first convergence interface may be higher than the
second convergence interface.

A semiconductor device may include a substrate including
an active region, a gate electrode on the active region and a
lightly doped drain (LLDD) in the active region adjacent a side
of'the gate electrode, the LDD including boron and phospho-
rous. A concentration of the phosphorous may be in a range of
SE18 atoms/cm3 to 1E19 atoms/cm3. The device may also
include trench in the active region adjacent the side of the gate
electrode, the trench including a notched portion of the active
region and an embedded stressor in the trench.

A method of forming a semiconductor device may include
forming a gate structure on a substrate and forming a doped
pattern adjacent a side of the gate structure in the substrate.
The method may also include forming a first preliminary
cavity by etching a portion of the doped pattern using the gate
structure as an etch mask, forming a second preliminary
cavity by selectively etching the doped pattern, forming a
cavity by etching exposed surfaces of the second preliminary
cavity using a directional etch process and forming a stressor
in the cavity. A side of the first preliminary cavity may expose
the doped pattern. The cavity may include a recess under the
gate structure and the recess may include two converging
sloped portions.

In various embodiments, forming the doped pattern may
include implanting elements into the substrate using the gate
structure as an implant mask. Implanting the elements may
include implanting phosphorous into the substrate

According to various embodiments, the method may fur-
ther include forming a lightly doped drain (LDD) in the
substrate adjacent the side of the gate structure before form-
ing the doped pattern. At least a portion of the doped pattern
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may be formed in the LDD. The method may additionally
include forming a spacer pattern on a side of the gate structure
after forming the LDD. Implanting the elements may include
implanting the elements using the spacer pattern and the gate
structure as an implant mask

In various embodiments, the directional etch process may
include an etch process etching the substrate at a plurality of
different etch rates according to crystal orientations of the
substrate and the recess may include a notched portion
including the two conversing sloped portions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart illustrating a method of forming a
semiconductor device according to some embodiments of the
present inventive concepts.

FIGS. 2, 3, 4A, 4B, 5A-5C, 6A-6C, 7A-7C, 8A-8C, 9-13
and 14A-14G are cross-sectional views illustrating interme-
diate structures provided in operations of forming a semicon-
ductor device according to some embodiments of the present
inventive concepts.

FIG. 15 is a cross-sectional view illustrating an intermedi-
ate structure provided in operations of forming a semicon-
ductor device according to some embodiments of the present
inventive concepts.

FIG. 16 is a layout of a semiconductor device according to
some embodiments of the present inventive concepts.

FIGS. 17-24, 25A-25C, 26-30, and 31A-31C are cross-
sectional views taken along lines I-I' and II-1I' of FIG. 16
illustrating intermediate structures provided in operations of
forming a semiconductor device according to some embodi-
ments of the present inventive concepts.

FIG. 32 is a layout of a semiconductor device according to
some embodiments of the present inventive concepts.

FIGS. 33-38 are cross-sectional views illustrating interme-
diate structures provided in operations of forming a semicon-
ductor device according to some embodiments of the present
inventive concepts.

FIGS. 39 and 40 are a perspective view and a block diagram
of an electronic apparatus, respectively, according to some
embodiments of the present inventive concepts.

FIG. 41 is a block diagram of an electronic system accord-
ing to some embodiments of the present inventive concepts.

DETAILED DESCRIPTION

Example embodiments are described below with reference
to the accompanying drawings. Many different forms and
embodiments are possible without deviating from the spirit
and teachings of this disclosure and so the disclosure should
not be construed as limited to the example embodiments set
forth herein. Rather, these example embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will convey the scope of the disclosure to those skilled in
the art. In the drawings, the sizes and relative sizes of layers
and regions may be exaggerated for clarity. Like reference
numbers refer to like elements throughout.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments. Other words used to describe relationships between
elements should be interpreted in a like fashion (i.e.,
“between” versus “directly between,” “adjacent” versus
“directly adjacent,” etc.).
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It will be understood that, although the terms first, second,
etc. may be used herein in reference to elements of the inven-
tion, such elements should not be construed as limited by
these terms. For example, a first element could be termed a
second element, and a second element could be termed a first
element, without departing from the scope of the present
invention. Herein, the term “and/or” includes any and all
combinations of one or more referents.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein for
ease of description to describe one element’s or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the term
“below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein to describe embodiments of
the invention is not intended to limit the scope of the inven-
tion. The articles “a,” “an,” and “the” are singular in that they
have a single referent, however the use of the singular form in
the present document should not preclude the presence of
more than one referent. In other words, elements of the inven-
tion referred to in the singular may number one or more,
unless the context clearly indicates otherwise. It will be fur-
ther understood that the terms “comprises,” “comprising,”
“includes,” and/or “including,” when used herein, specify the
presence of stated features, items, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, items, steps, opera-
tions, elements, components, and/or groups thereof.

Embodiments are described herein with reference to cross-
sectional illustrations that are schematic illustrations of ide-
alized embodiments (and intermediate structures). As such,
variations from the shapes of the illustrations as a result, for
example, of manufacturing techniques and/or tolerances, are
to be expected. Thus, embodiments should not be construed
as limited to the particular shapes of regions illustrated herein
but are to include deviations in shapes that result, for example,
from manufacturing. For example, an implanted region illus-
trated as a rectangle will, typically, have rounded or curved
features and/or a gradient of implant concentration at its
edges rather than a binary change from implanted to non-
implanted region. Likewise, a buried region formed by
implantation may result in some implantation in the region
between the buried region and the surface through which the
implantation takes place. Thus, the regions illustrated in the
figures are schematic in nature and their shapes are not
intended to illustrate the actual shape of a region of a device
and are not intended to limit the scope of the present inventive
concepts.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein are to be interpreted as is
customary in the art to which this invention belongs. It will be
further understood that terms in common usage should also
be interpreted as is customary in the relevant art and not in an
idealized or overly formal sense unless expressly so defined
herein.

It should also be noted that in some alternate implementa-
tions, the functions/acts noted in flowchart blocks herein may
occur out of the order noted in the flowcharts. For example,
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two blocks shown in succession may in fact be executed
substantially concurrently or the blocks may sometimes be
executed in the reverse order, depending upon the function-
ality/acts involved. Moreover, the functionality of a given
block of the flowcharts and/or block diagrams may be sepa-
rated into multiple blocks and/or the functionality of two or
more blocks of the flowcharts and/or block diagrams may be
at least partially integrated. Finally, other blocks may be
added or inserted between the blocks that are illustrated,
and/or blocks/operations may be omitted without departing
from the scope of the present inventive concepts.

Although a transistor including a stressor in a recess may
improve carrier mobility, there may be large variations in
sizes and shapes of recesses within a device. Various embodi-
ments of the present inventive concepts, however, provide
methods of forming a semiconductor device, the methods
including forming a faster etch rate part which may enable
control of a size and a shape of a recess. Accordingly, the
methods described herein may reduce variations in sizes and
shapes of recesses within a device.

FIG. 1 is a flowchart illustrating a method of forming a
semiconductor device according to some embodiments of the
present inventive concepts. FIGS. 2, 3, 4A, 4B, 5A-5C,
6A-6C, TA-TC, 8A-8C, 9-13 and 14A-14G are cross-sec-
tional views illustrating intermediate structures provided in
operations of forming a semiconductor device according to
some embodiments of the present inventive concepts.

Referring to FIG. 1, a method of forming a semiconductor
device according to some embodiments of the present inven-
tive concepts may include forming a lightly doped drain
(LDD) (Block 500), forming a faster etch rate part (Block
510), forming a first trench (Block 520), forming a second
trench (Block 530), forming a first semiconductor layer
(Block 540), forming a second semiconductor layer (Block
550), forming a third semiconductor layer (Block 560), and
forming an interlayer insulating layer (Block 570).

Referring to FIGS. 1 and 2, a well 22, an active region 23,
adevice isolation layer 29, a buffer layer 31, a temporary gate
electrode 33, a first mask pattern 35, and a second mask
pattern 37 may be formed on a substrate 21. The substrate 21
may be a single-crystalline semiconductor substrate such as a
silicon wafer or a silicon on insulator (SOI) wafer. The sub-
strate 21 may include first conductivity-type impurities. The
well 22 may include second conductivity-type impurities dif-
ferent from the first conductivity-type impurities.

Hereinafter, the description will be made under the
assumption that the first conductivity-type is p-type and the
second conductivity-type is n-type. In some embodiments,
however, the first conductivity-type may be n-type and the
second conductivity type may be p-type. For example, the
substrate 21 may be single crystalline silicon including p-type
impurities, and the well 22 is single crystalline silicon includ-
ing n-type impurities. The substrate 21 may include boron
(B), and the well 22 may include As, P, or a combination
thereof.

The active region 23 may be confined to the well 22 by the
device isolation layer 29. The active region 23 may include
single crystalline silicon including n-type impurities. The
device isolation layer 29 may be formed using a shallow
trench isolation (STI) technique. The device isolation layer
29 may include an insulating layer such as silicon oxide,
silicon nitride, silicon oxy-nitride, or a combination thereof.
The buffer layer 31 may be interposed between the active
region 23 and the temporary gate electrode 33. The buffer
layer 31 may include an insulating layer such as silicon oxide,
silicon nitride, silicon oxy-nitride, or a combination thereof.
For example, the buffer layer 31 may include silicon oxide.



US 9,214,530 B2

7

The temporary gate electrode 33 may be formed to cross
the active region 23. The temporary gate electrode 33 may
cross the active region 23 and the device isolation layer 29.
The temporary gate electrode 33 may include polysilicon. In
some embodiments, the temporary gate electrode 33 may
include an insulating layer. The first mask pattern 35 may be
formed on the temporary gate electrode 33. The first mask
pattern 35 may include a material having an etch selectivity
with respect to the temporary gate electrode 33. The second
mask pattern 37 may be formed on the first mask pattern 35.
The second mask pattern 37 may include a material having an
etch selectivity with respect to the first mask pattern 35. For
example, the first mask pattern 35 may include silicon oxide.
The second mask pattern 37 may include silicon nitride or
polysilicon. In some embodiments, one of the first mask
pattern 35 and the second mask pattern 37 may be omitted.

Sides of the second mask pattern 37, first mask pattern 35,
temporary gate electrode 33, and buffer layer 31 may be
vertically aligned. The second mask pattern 37, the first mask
pattern 35, the temporary gate electrode 33, and the buffer
layer 31 may be referred to as a temporary gate pattern 31, 33,
35, and 37. The temporary gate pattern 31, 33, 35, and 37 may
cross the active region 23. A plurality of the temporary gate
patterns 31, 33, 35, and 37 may be formed in parallel on the
active region 23.

Referring to FIGS. 1 and 3, a first spacer 42 may be formed
on a sidewall of the temporary gate electrode 33. A lightly
doped drain (LDD) 43 may be formed by implanting the first
conductivity-type impurities in the active region 23 using the
first spacer 42, the second mask pattern 37, the first mask
pattern 35, and the temporary gate electrode 33 as an ion-
implantation mask (Block 500). For example, the formation
of the LDD 43 may be done at a dose of 1E13 to SE14
atoms/cm2 of BF, and an ion-implantation energy of 2 to 5
Kev. The LDD 43 may include boron. A halo 45 may be
formed by implanting the second conductivity-type impuri-
ties to the active region 23. The halo 45 may cover a side and
abottom ofthe LDD 43. The formation of the LDD 43 and the
halo 45 may include an ion-implantation process and a heat
treatment process.

The first spacer 42 may conformally cover anupper surface
of'the substrate 21. For example, the first spacer 42 may cover
upper and side surfaces of the temporary gate pattern 31, 33,
35, and 37, and cover the active region 23 and the device
isolation layer 29 with a constant thickness. The first spacer
42 may include an insulating layer such as silicon oxide,
silicon nitride, silicon oxy-nitride, or a combination thereof.
The first spacer 42 may include a material having an etch
selectivity with respect to the temporary gate electrode 33.
For example, the first spacer 42 may include silicon nitride.
The LDD 43 may be formed to reach a certain depth from an
upper surface of the active region 23. The LDD 43 may
partially overlap a bottom of the temporary gate pattern 31,
33, 35, and 37. The LDD 43 may be formed at a desired
position by adjusting the thickness of the first spacer 42.

Referring to FIGS. 1 and 4A, a second spacer 47 may be
formed on the first spacer 42. A faster etch rate part 49 may be
formed in the active region 23 using the second spacer 47 as
an ion-implantation mask (Block 510). For example, the for-
mation of the faster etch rate part 49 may be done at a dose of
5E14 to 3E15 atoms/cm2 of PH; and an ion-implantation
energy of 2to 5 Kev. PH, may be used instead ofthe PH;. The
faster etch rate part 49 may include phosphorous (P).

The second spacer 47 may conformally cover the substrate
21. For example, the second spacer 47 may cover upper and
side surfaces of the temporary gate pattern 31, 33, 35, and 37,
and cover the LDD 43 and the device isolation layer 29. The

10

15

20

25

30

35

40

45

50

55

60

65

8

second spacer 47 may include an insulating layer such as
silicon oxide, silicon nitride, silicon oxy-nitride, or a combi-
nation thereof. The second spacer 47 may include a material
having an etch selectivity with respect to the temporary gate
electrode 33. For example, the second spacer 47 may include
silicon nitride. The first spacer 42 and the second spacer 47
may sequentially cover the side surface of the temporary gate
pattern 31, 33, 35, and 37.

The faster etch rate part 49 may be formed at a desired
position by adjusting the thickness of the second spacer 47.
The faster etch rate part 49 may be formed in the LDD 43. A
bottom of the faster etch rate part 49 may be formed at a
higher level than a bottom of the LDD 43. The faster etch rate
part 49 may be formed to be aligned with an outer side of the
temporary gate electrode 33. The active region 23 may be
retained under the temporary gate electrode 33. The LDD 43
may be retained under the temporary gate electrode 33. The
LDD 43 may be retained between the faster etch rate part 49
and the active region 23.

Referring to FIGS. 1 and 4B, a second spacer 47A may be
formed to have various thicknesses. For example, the second
spacer 47A may be formed to have a thickness of 1 to 3 nm.
The second spacer 47A may function to control the location
of'the faster etch rate part 49. For example, a side of the faster
etch rate part 49 may be controlled to be located in the LDD
43 by adjusting the thickness of the second spacer 47A. The
faster etch rate part 49 may be controlled to be spaced apart
from the temporary gate electrode 33 by adjusting the thick-
ness of the second spacer 47A. The LDD 43 may be retained
between the faster etch rate part 49 and the active region 23.

In some embodiments, the faster etch rate part 49 may pass
through the LDD 43. For example, the bottom of the faster
etch rate part 49 may be formed in the halo 45. Further, the
faster etch rate part 49 may pass through both of the LDD 43
and the halo 45.

Referring to FIGS. 1 and 5A, a third spacer 51 may be
formed on the second spacer 47. The formation of the third
spacer 51 may include a thin-film formation process and an
anisotropic etching process. During the formation of the third
spacer 51, the second spacer 47 and the first spacer 42 may be
partially removed to expose an upper surface of the faster etch
rate part 49. The second spacer 47 and the first spacer 42 may
be retained between the temporary gate pattern 31, 33, 35, and
37 and the third spacer 51.

The third spacer 51 may include an insulating material
such as silicon oxide, silicon nitride, silicon oxy-nitride, or a
combination thereof. The third spacer 51 may include a mate-
rial having an etch selectivity with respect to the temporary
gate electrode 33. For example, the third spacer 51 may
include silicon nitride.

Referring to FIGS. 1 and 5B, during the formation of the
third spacer 51, the faster etch rate part 49 may be partially
removed to form a recess area 517T. For example, the recess
area 51T may have a depth of 1 nm to 10 nm.

Referring to FIGS. 1 and 5C, after the formation of the third
spacer 51, a recess area 51T may be formed using an addi-
tional anisotropic etching process. The recess area 51T may
pass through the faster etch rate part 49 and the LDD 43. For
example, the recess area 51T may have a depth of 7 nm to 10
nm. A bottom of the recess area 51T may expose the halo 45.
Sidewalls of the recess area 51T may be vertically aligned
with side surfaces of the third spacer 51.

Referring to FIGS. 1, 6A, and 6B, the faster etch rate part
49, the LDD 43, and the halo 45 may be etched to form a first
trench 53 (Block 520). The first trench 53 may include an
upper trench 53 A aligned with the faster etch rate part 49 and
a lower trench 53B connected to a bottom of the upper trench
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53A. The upper trench 53A may be formed in the LDD 43.
Due to the upper trench 53A, an under-cut may be formed
under the first spacer 42, the second spacer 47, and the third
spacer 51. The lower trench 53B may pass through the LDD
43 to be formed in the halo 45. The lower trench 53B may
have a width smaller than a width of the upper trench 53A. A
sidewall of the first trench 53 may have a step. For example,
a side surface of the LDD 43, which is exposed by the upper
trench 53A and lower trench 53B, may have a step.

The formation of the first trench 53 may include a dry-etch
process, a wet-etch process, or a combination thereof. The
formation of the first trench 53 may include an isotropic etch
process, an anisotropic etch process, or a combination
thereof. For example, the formation of the first trench 53 may
include an isotropic dry-etch process using HBr, CF,, O,, Cl,,
NFj;, or a combination thereof. According to some embodi-
ments, single crystalline silicon containing phosphorous (P),
which has an etch rate higher than that of single crystalline
silicon containing boron (B), may be included in the faster
etch rate part 49, and thus the faster etch rate part 49 may have
an etch rate higher than that of the LDD 43. Depending on the
configuration of the faster etch rate part 49 and the LDD 43,
the size and shape of the upper trench 53A and lower trench
53B may be determined. The size, shape, and location of the
first trench 53 may be controlled as desired, using the con-
figuration of the faster etch rate part 49 and the LDD 43. The
first trench 53 may be uniformly formed over the entire sur-
face of the substrate 21.

Referring to FIG. 6C, in some embodiments, the faster etch
rate part 49 may be retained between the upper trench 53A
and the LDD 43.

Referring to FIGS. 1 and 7A, a second trench 55 may be
formed using a directional etch process (Block 530). For
example, the formation of the second trench 55 may include
a wet-etch process using NH,OH, NH;OH, TMAH (Tetra
Methyl Ammonium Hydroxide), KOH, NaOH, BTMH (ben-
zyltrimethylammonium hydroxide), or a combination
thereof. The active region 23 may have a sigma shape
(Z-shape) due to the second trench 55. The LDD 43 may be
retained under the temporary gate pattern 31, 33, 35, and 37.
The active region 23 may include a first surface 23SU, a first
side surface 23S1, a second side surface 23S2, and a second
surface 23S3. A first edge E1 may be defined between the first
side surface 23S1 and the first surface 23SU. A second edge
E2 may be defined between the first side surface 2351 and the
second side surface 23S2. Each of the first side surface 23S1
and the second side surface 2352 may include a {111} crystal
plane. The second trench 55 may be interpreted as an exten-
sion of the first trench 53.

Referring to FIG. 7B, the second trench 55 may pass
through the LDD 43 and the halo 45. The first surface 23SU
may be defined on an upper end of the active region 23. For
example, the first surface 23SU may be in contact with the
buffer layer 31 and extend below the first spacer 42. The
second trench 55 may expose the first side surface 2351, the
second side surface 23S2, and the second surface 23S3. The
first side surface 23S1 may be connected to the first surface
23SU. The first side surface 2351 may form an acute angle
with respect to the first surface 23SU. The second side surface
23S2 may be formed under the first side surface 23S1. The
second side surface 23S2 may have a different angle from the
first side surface 23S1. The second side surface 2352 may
form an acute angle with respect to a horizontal extension
line, which is parallel to the substrate 21 and passes through
the second surface 23S3. A bottom of the second trench 55
may expose the second surface 23S3. The second surface
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23S3 may be connected to the second side surface 23S2. The
first surface 23SU may be interpreted as an upper surface of
the active region 23.

The first edge E1 and the second edge E2 may be formed at
a desired position by controlling the location of the faster etch
rate part 49. For example, the first edge E1 may be formed
under the first spacer 42, and the second edge E2 may be
formed to overlap a bottom of the temporary gate electrode
33. The first edge E1 and the second edge E2 may be located
on a surface of the LDD 43. The first side surface 23S1 may
expose the LDD 43. The second side surface 23S2 may
expose the LDD 43, the halo 45, and the active region 23.

A horizontal distance X may be defined between the sec-
ond edge E2 and a straight line which is perpendicular to the
substrate 21 and passes through a side surface of the tempo-
rary gate electrode 33. A vertical height Y may be defined
between the second edge E2 and a straight line which is
parallel to the substrate 21 and passes through the first surface
23SU. For example, the horizontal distance X may be from 0
to =5 nm, and the vertical height Y may be from 3 nm to 7 nm.
When the horizontal distance X is zero, it may be understood
that the second edge E2 is vertically overlapped by the side
surface of the temporary gate electrode 33, and when the
horizontal distance X is a negative (-) value, it may be under-
stood that the second edge E2 is vertically overlapped by the
bottom of the temporary gate electrode 33. In addition, when
the horizontal distance X is a positive (+) value, it may be
understood that the second edge E2 may be aligned with the
outer side of the temporary gate electrode 33.

The horizontal distance X and the vertical height Y may be
uniformly controlled over the entire surface of the substrate
21 by adjusting the location of the faster etch rate part 49. In
some embodiments, it is possible to relatively decrease the
vertical height Y while increasing the absolute value of the
horizontal distance X. A semiconductor device according to
some embodiments of the present inventive concepts may
have good electrical characteristics according to the horizon-
tal distance X and the vertical height Y. According to some
embodiments, a semiconductor device that includes the sec-
ond edge E2 located on the surface of the LDD 43 may show
good electrical characteristics.

Referring to FI1G. 7C, in some embodiments, the faster etch
rate part 49 may be retained between the second trench 55 and
the LDD 43.

Referring to FIGS. 1 and 8A, a first semiconductor layer 61
may be formed in the second trench 55 (Block 540). The first
semiconductor layer 61 may include undoped single crystal-
line SiGe formed by a selective epitaxial growth (SEG)
method. The Ge content in the first semiconductor layer 61
may be from 1010 25%. The first semiconductor layer 61 may
conformally cover an inner wall of the second trench 55. The
first semiconductor layer 61 may cover the first side surface
23S1 and the second side surface 2352 with a constant thick-
ness.

Referring to FIG. 8B, a first semiconductor layer 61A may
be formed to cover the second side surface 2352 with a
constant thickness and to partially expose the first side surface
23S1.

Referring to FIG. 8C, a first semiconductor layer 61B may
be formed to cover the first side surface 2351 and the second
side surface 23S2.

Referring to FIGS. 1 and 9, a second semiconductor layer
62 may be formed in the second trench 55 (Block 550). The
second semiconductor layer 62 may include B-doped single
crystalline SiGe by an SEG method. The Ge content in the
second semiconductor layer 62 may be from 25 to 50%. The
second semiconductor layer 62 may contain 1E20 to 3E20
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atoms/cm3 of B. The second semiconductor layer 62 may
fully fill the second trench 55. An upper end of the second
semiconductor layer 62 may be at higher level than the active
region 23.

Referring to FIGS. 1 and 10, a third semiconductor layer 63
may be formed on the second semiconductor layer 62 (Block
560). The third semiconductor layer 63 may include B-doped
single crystalline silicon by the SEG method. The third semi-
conductor layer 63 may contain 1E20 to 3E20 atoms/cm3 of
B. The first semiconductor layer 61, the second semiconduc-
tor layer 62, and the third semiconductor layer 63 may form
an embedded stressor 65. The embedded stressor 65 may be
referred to as a strain-inducing pattern. In some embodi-
ments, the first semiconductor layer 61 or the third semicon-
ductor layer 63 may be omitted.

Referring to FIGS. 1 and 11, an interlayer insulating layer
71 may be formed on the substrate 21 (Block 570). The
interlayer insulating layer 71 may include an insulating layer
such as silicon oxide, silicon nitride, silicon oxy-nitride, or a
combination thereof. In some embodiments, several addi-
tional processes, such as a metal silicide formation process
and a heat treatment process, may be performed on the third
semiconductor layer 63 before the formation of the interlayer
insulating layer 71.

Referring to FIGS. 1 and 12, the temporary gate electrode
33 may be exposed by partially removing the interlayer insu-
lating layer 71 and removing the second mask pattern 37 and
the first mask pattern 35. The removal of the interlayer insu-
lating layer 71, the second mask pattern 37, and the first mask
pattern 35 may be performed by a chemical mechanical pol-
ishing (CMP) process, an etch-back process, or a combina-
tion thereof.

Referring to FIGS. 1 and 13, a gate trench 33T exposing the
active region 23 may be formed by removing the temporary
gate electrode 33 and the bufter layer 31.

Referring to FIGS. 1 and 14A, a first gate dielectric layer
73, a second gate dielectric layer 75, a first gate electrode 77,
and a second gate electrode 79 may be formed in the gate
trench 33T.

The first gate dielectric layer 73 may be formed on the
active region 23. The first gate dielectric layer 73 may be
referred to as an interfacial oxide layer. The first gate dielec-
tric layer 73 may be formed by a cleaning process. The first
gate dielectric layer 73 may include silicon oxide. The second
gate dielectric layer 75 may include silicon oxide, silicon
nitride, silicon oxy-nitride, a high-K dielectric material, or a
combination thereof. For example, the second gate dielectric
layer 75 may include HfO or HfSiO. The second gate dielec-
tric layer 75 may surround a side and a bottom of the first gate
electrode 77. The first gate dielectric layer 73 may be inter-
posed between the active region 23 and the second gate
dielectric layer 75.

The first gate electrode 77 may surround a side and a
bottom of the second gate electrode 79. The first gate elec-
trode 77 may include a conductive material chosen by con-
sidering a work-function. For example, the first gate electrode
77 may include TiN or TaN. The second gate electrode 79 may
include a metal layer. In some embodiments, the first gate
electrode 77 may include TiAl or TiAIC.

Referring to FIG. 14B, the embedded stressor 65 may pass
through the LDD 43 and the halo 45 to be in contact with the
active region 23. A bottom of the embedded stressor 65 may
be formed at a lower level than the halo 45. The embedded
stressor 65 may be in contact with the first side surface 2351
and the second side surface 23S2. The first semiconductor
layer 61 may be interposed between the LDD 43 and the
second semiconductor layer 62.
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The concentration of the first conductivity-type impurities
in the second semiconductor layer 62 may be higher than that
in the LDD 43. For example, a boron (B) concentration in the
second semiconductor layer 62 may be higher than that in the
LDD 43. The first conductivity-type impurities in the second
semiconductor layer 62 may diffuse into the first semicon-
ductor layer 61. The boron (B) concentration in the first
semiconductor layer 61 may be lower than that in second
semiconductor layer 62.

Phosphorous (P) implanted in the faster etch rate part 49
(e.g., as illustrated in FIG. 4A) may diffuse into the LDD 43.
The LDD 43 may contain phosphorous and boron. For
example, the LDD 43 may contain SE18 to 1E19 atoms/cm3
of phosphorous. While implanting phosphorous to the faster
etch rate part 49, the phosphorous may remain in the second
spacer 47, the first spacer 42 and an interface thereof. The
phosphorous may remain in the third spacer 51 and an inter-
face between the third spacer 51 and the second spacer 47.
The phosphorous may remain in the embedded stressor 65
and interfaces between the embedded stressor 65 and the first,
second and third spacers 42, 47, 51. In some embodiments,
the phosphorous may also remain in the LDD 43 and between
interfaces of the LDD 43 and the first, second and third
spacers 42, 47, 51.

Referring to FIG. 14C, the embedded stressor 65 may be
formed to have a desired horizontal width by adjusting the
thickness of the second spacer 47A. For example, the embed-
ded stressor 65 may be formed at an outer side of the first gate
electrode 77.

Referring to FIG. 14D, the bottom of the embedded stres-
sor 65 may be located in the halo 45.

Referring to FIG. 14E, an embedded stressor 65A may
include a first semiconductor layer 61A, the second semicon-
ductor layer 62, and the third semiconductor layer 63. The
first semiconductor layer 61A may be formed to cover the
second side surface 23S2 with a constant thickness and to
partially expose the first side surface 23S1. The second semi-
conductor layer 62 may be in contact with the first side sur-
face 2381.

Referring to FIG. 14F, an embedded stressor 65B may
include a first semiconductor layer 61B, the second semicon-
ductor layer 62, and the third semiconductor layer 63. The
first semiconductor layer 61B may be formed to cover the first
side surface 23S1 and the second side surface 23S2. The first
semiconductor layer 61B may be formed between the LDD
43 and the second semiconductor layer 62.

Referring to FIG. 14G the faster etch rate part 49 may be
retained between the embedded stressor 65 and the LDD 43.

FIG. 15 is a cross-sectional view illustrating an intermedi-
ate structure provided in operations of forming a semicon-
ductor device according to some embodiments of the present
inventive concepts. Referring to FIG. 15, a well 22, an active
region 23, a device isolation layer 29, a gate dielectric layer
131, a first gate electrode 133, a second gate electrode 181, an
inner spacer 134, a first spacer 142, a lightly doped drain
(LDD) 43, ahalo 45, a second spacer 147, a third spacer 151,
an embedded stressor 65, an etch stopping layer 183, and an
interlayer insulating layer 185 may be formed on the substrate
21. The gate dielectric layer 131 and the first gate electrode
133 may be formed before forming the embedded stressor 65.

The gate dielectric layer 131 may include silicon oxide,
silicon nitride, silicon oxy-nitride, a high-K dielectric layer,
or a combination thereof. The first gate electrode 133 may
include a conductive layer such as polysilicon, a metal sili-
cide, a metal, or a combination thereof. The second gate
electrode 181 may include a conductive layer such as a metal
silicide, a metal, or a combination thereof. The inner spacer
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134 may include silicon oxide, silicon nitride, silicon oxy-
nitride, or a combination thereof. The etch stopping layer 183
may include a material having an etch selectivity with respect
to the interlayer insulating layer 185. For example, the inter-
layer insulating layer 185 may include silicon oxide, and the
etch stopping layer 183 may include silicon nitride.

FIG. 16 is a layout of a semiconductor device according to
some embodiments of the present inventive concepts. FIGS.
17-24, 25A-25C, 26-30, and 31A-31C are cross-sectional
views taken along lines I-I' and II-1I" of FIG. 16 illustrating
intermediate structures provided in operations of forming a
semiconductor device according to some embodiments of the
present inventive concepts.

Referring to FIGS. 16 and 17, a device isolation layer 229
defining an active region 223 may be formed on a substrate
221. An upper surface of the active region 223 may be covered
by a buffer layer 225. The active region 223 may have various
shapes such as a fin-shape or wire-shape. For example, the
active region 223 may include a fin-shaped single crystalline
silicon in which the major axis is formed to be relatively long.

Referring to FIGS. 16 and 18, a well 222 may be formed in
apredetermined region of the substrate 221. The active region
223 may be confined to the well 222. Channel ions may be
implanted in the active region 223. The well 222 may be
formed by implanting impurities having a conductivity type
different from that of impurities in the substrate 221. For
example, the well 222 may be formed by implanting n-type
impurities to a predetermined depth from the surface of the
substrate 221. In some embodiments, the well 222 may be
formed before the formation of the device isolation layer 229.
In some embodiments, the well 222 may be omitted.

Referring to FIGS. 16 and 19, side surfaces of the active
region 223 may be exposed by recessing the device isolation
layer 229. The device isolation layer 229 may be retained at a
lower level than an upper end of the active region 223. While
recessing the device isolation layer 229, the buffer layer 225
may also be removed. The upper surface of the active region
223 may be exposed. An etch-back process may be performed
in the recess of the device isolation layer 229.

Referring to FIGS. 16 and 20, a temporary gate dielectric
layer 231, a temporary gate electrode 233, a first mask pattern
235, and a second mask pattern 237 may be formed on the
active region 223. The temporary gate electrode 233 may be
formed by a thin film formation process, a CMP process, and
a patterning process.

The temporary gate electrode 233 may cross the active
region 223. The temporary gate electrode 233 may cover side
and upper surfaces of the active region 223. The temporary
gate dielectric layer 231 may be formed between the active
region 223 and the temporary gate electrode 233. The tem-
porary gate dielectric layer 231 may include an insulating
material such as silicon oxide, silicon nitride, silicon oxy-
nitride, or a combination thereof. The temporary gate elec-
trode 233 may include polysilicon. The first mask pattern 235
may include silicon oxide. The second mask pattern 237 may
include silicon nitride.

Referring to FIGS. 16 and 21, a first spacer 242 may be
formed on side surfaces of the temporary gate electrode 233.
A lightly doped drain (LDD) 243 and a halo 245 may be
formed in the active region 223. The first spacer 242 may
cover side surfaces of the temporary gate electrode 233, the
first mask pattern 235, and the second mask pattern 237. The
first spacer 242 may include an insulating layer such as silicon
oxide, silicon nitride, silicon oxy-nitride, or a combination
thereof. For example, the first spacer 242 may be silicon
nitride.
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The LDD 243 and the halo 245 may be formed using the
second mask pattern 237 and the first spacer 242 as an ion-
implantation mask. The L.DD 243 may be formed in the active
region 223 adjacent to an outer side of the temporary gate
electrode 233. The LDD 243 may diffuse under the first
spacer 242. The LDD 243 may include impurities having a
conductivity type different from that of impurities in the well
222. For example, the LDD 243 may include p-type impuri-
ties. The LDD 243 may include boron.

The halo 245 may be formed outside of the LDD 243. The
halo 245 may cover a bottom and side surfaces of the LDD
243. The halo 245 may include impurities having a conduc-
tivity type different from that of impurities in the LDD 243,
and the halo 245 may include impurities having a conductiv-
ity type that is same as that of impurities in the well 222. For
example, the halo 245 may include n-type impurities. The
concentration of the n-type impurities of the halo 245 may be
higher than that of the well 222.

Referring to FIGS. 16 and 22, a second spacer 247 may be
formed on the first spacer 242. A faster etch rate part 249 may
be formed in the active region 223 using the second spacer
247 as an ion-implantation mask. The faster etch rate part 249
may include phosphorous. The second spacer 247 may con-
formally cover the substrate 221. The second spacer 247 may
include a material having an etch selectivity with respect to
the temporary gate electrode 233. For example, the second
spacer 247 may include silicon nitride.

The faster etch rate part 249 may be formed at a desired
position by adjusting the thickness of the second spacer 247.
The faster etch rate part 249 may be formed in the LDD 243.
A bottom of the faster etch rate part 249 may be formed at a
higher level than that of the LDD 243. The faster etch rate part
249 may be formed to be aligned with an outer side of the
temporary gate electrode 233. The active region 223 may be
retained under the temporary gate electrode 233. The LDD
243 may be retained under the temporary gate electrode 233.
The LDD 243 may be retained between the faster etch rate
part 249 and the active region 223.

Referring to FIGS. 16 and 23, a third spacer 251 may be
formed on the second spacer 247. The formation of the third
spacer 251 may include a thin-film formation process and an
anisotropic etching process. While forming the third spacer
251, the second spacer 247 and the first spacer 242 may be
partially removed to expose an upper surface of the faster etch
rate part 249. The second spacer 247 and the first spacer 242
may be retained between the temporary gate electrode 233
and the third spacer 251.

Referring to FIGS. 16 and 24, a first trench 253 may be
formed by etching the faster etch rate part 249 and the LDD
243. The first trench 253 may include an upper trench 253 A
aligned with the faster etch rate part 249 and a lower trench
253B connected to a bottom of the upper trench 253A. The
upper trench 253A may be formed in the LDD 243. An
under-cut may be formed under the first spacer 242, the sec-
ond spacer 247, and the third spacer 251 by the upper trench
253 A. A sidewall of the first trench 253 may have a step. For
example, the side surface of the LDD 243, which is exposed
by the upper trench 253 A and lower trench 253B, may have
the step.

The formation of the first trench 253 may include a dry-
etch process, a wet-etch process, or a combination thereof.
The formation of the first trench 253 may include an isotropic
etching process, an anisotropic etching process, or a combi-
nation thereof. For example, the formation of the first trench
253 may include an isotropic dry-etch process using HBr,
CF,, O,, Cl,, NF;, or a combination thereof. According to
some embodiments, single crystalline silicon including phos-
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phorous, which has an etch rate higher than that of single
crystalline silicon including boron, may be included in the
faster etch rate part 249, and thus the faster etch rate part 249
may have an etch rate higher than that of the LDD 243. Sizes
and shapes of the upper trench 253 A and lower trench 253B
may be determined depending on the configuration of the
faster etch rate part 249 and the LDD 243.

Referring to FIGS. 16 and 25 A, a second trench 255 may be
formed using a directional etch process. For example, the
formation of the second trench 255 may include a wet-etch
process using NH,OH, NH,OH, TMAH (Tetra Methyl
Ammonium Hydroxide), KOH, NaOH, BTMH (benzyltrim-
ethylammonium hydroxide), or a combination thereof. The
directional etch process may have different etch rates depend-
ing on crystal orientations of the active region 223. The sec-
ond trench 255 may pass through the LDD 243. The LDD 243
may be retained between the second trench 255 and the active
region 223.

The active region 223 may include a first surface 223SU, a
first side surface 22351, a second side surface 22382, a third
side surface 22353, and a second surface 223S4. Each of the
first side surface 22351, the second side surface 223S2, and
the third side surface 223S3 may include a {111} crystal
plane. The first surface 223SU may be formed on the upper
end of the active region 223. The first side surface 22351 may
be connected to the first surface 223SU. The first side surface
223S1 may form an acute angle with respect to the first
surface 223SU. The second side surface 223S2 may be
formed under the first side surface 223S1. The second side
surface 22352 may have a slope different from that of the first
side surface 223S1. The second side surface 223S2 may be
perpendicular to the substrate 221. The third side surface
223S3 may be formed under the second side surface 223S2.
The third side surface 22353 may have a slope different from
that of the second side surface 22352. A bottom of the second
trench 255 may expose the second surface 22354. The second
surface 22354 may be connected to the third side surface
223S3.

Referring to FIG. 25B, a second trench 255A may be
formed in various shapes depending on crystal orientations of
the active region 223. For example, the second trench 255A
may be a U-shape. The second trench 255 A may expose a first
side surface 223S5 and the second surface 223S4. The first
side surface 223S5 may be connected to the first surface
223SU. The first side surface 223S5 may be perpendicular to
the first surface 223SU. The bottom of the second trench
255A may expose the second surface 223S4. The second
surface 22354 may be connected to the first side surface
223S5.

Referring to FIG. 25C, the second trench 255B may expose
the first side surface 22351, the second side surface 22352,
and the second surface 223S4. The first side surface 22351
may be connected to the first surface 223SU. The first side
surface 223S1 may form an acute angle with respect to the
first surface 223SU. The second side surface 22352 may be
formed under the first side surface 223S1. The bottom of the
second trench 255B may expose the second surface 22354.
The second surface 22354 may be connected to the second
side surface 223S2.

Referring to FIGS. 16 and 26, a second semiconductor
layer 262 may be formed in the second trench 255. The
second semiconductor layer 262 may include B-doped single
crystalline SiGe formed by a SEG method. The Ge content in
the second semiconductor layer 262 may be 25 to 50%. The
second semiconductor layer 262 may contain 1E20 to 3E20
atoms/cm3 of boron (B). The second semiconductor layer
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262 may fully fill the second trench 255. An upper end of the
second semiconductor layer 262 may be at a higher level than
the active region 223.

Referring to FIGS. 16 and 27, a third semiconductor layer
263 may be formed on the second semiconductor layer 262.
The third semiconductor layer 263 may include B-doped
single crystalline Si formed by a SEG method. The third
semiconductor layer 263 may contain 1E20 to 3E20 atoms/
cm3 of boron (B). The second semiconductor layer 262 and
the third semiconductor layer 263 may form an embedded
stressor 265. In some embodiments, the third semiconductor
layer 263 may be omitted.

Referring to FIGS. 16 and 28, an interlayer insulating layer
271 may be formed on the substrate 221.

Referring to FIGS. 16 and 29, the temporary gate electrode
233 may be exposed by partially removing the interlayer
insulating layer 271 and removing the second mask pattern
237 and the first mask pattern 235.

Referring to FIGS. 16 and 30, the temporary gate electrode
233 and the temporary gate dielectric layer 231 may be
removed to form a gate trench 233T exposing the active
region 223.

Referring to FIGS. 16 and 31A, a first gate dielectric layer
273, a second gate dielectric layer 275, and a gate electrode
279 may be formed in the gate trench 233T. The embedded
stressor 265 may have a wedge-shape.

The first gate dielectric layer 273 may be formed on the
active region 223. The first gate dielectric layer 273 may be
referred to as an interfacial oxide layer. The first gate dielec-
tric layer 273 may be formed by a cleaning process. The first
gate dielectric layer 273 may include silicon oxide. The sec-
ond gate dielectric layer 275 may include silicon oxide, sili-
con nitride, silicon oxy-nitride, a high-K dielectric layer, or a
combination thereof. The second gate dielectric layer 275
may surround a side and a bottom of the gate electrode 279.
The first gate dielectric layer 273 may be interposed between
the active region 223 and the second gate dielectric layer 275.

Referring to FIG. 31B, the embedded stressor 265 may
include a second semiconductor layer 262 A and a third semi-
conductor layer 263. The embedded stressor 265 may be a
U-shape.

Referring to FIG. 31C, the embedded stressor 265 may
include a second semiconductor layer 262B and a third semi-
conductor layer 263. The embedded stressor 265 may be a
pyramid-shape or a pencil-shape.

FIG. 32 is a layout of a semiconductor device according to
some embodiments of the present inventive concepts. FIGS.
33-38 are cross-sectional views illustrating intermediate
structures provided in operations of forming a semiconductor
device according to some embodiments of the present inven-
tive concepts.

Referring to FIG. 32, a semiconductor chip 100 may
include a first region 102 and a second region 101C. The first
region 102 may be referred to as a logic region. The second
region 101C may be referred to as a cell array region. A
plurality of PMOS transistors may be formed in the first
region 102 and the second region 101C. The second region
101C may have a pattern density higher than that of the first
region 102.

The semiconductor chip 100 may be a microprocessor. The
semiconductor chip 100 may include a memory region 101.
The memory region 101 may include the second region 101C
and an SRAM-peripheral region 101P. The second region
101C may include memory cells such as an SRAM. The first
region 102 may be formed adjacent to the memory region
101.
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Referring to FIGS. 32 and 33, a first well 22, a first active
region 23, a first device isolation layer 29, a first buffer layer
31, a first temporary gate electrode 33, a first lower mask
pattern 35, and a first upper mask pattern 37 may be formed in
the first region 102 of a substrate 21. The substrate 21 may
include first conductivity-type impurities. The first well 22
may include second conductivity-type impurities different
from the first conductivity-type impurities. Hereinafter, the
description will be made under the assumption that the first
conductivity is p-type and the second conductivity is n-type.

The first active region 23 may be confined to the first well
22 by the first device isolation layer 29. The first temporary
gate electrode 33 may be formed to cross the first active
region 23. The first upper mask pattern 37, the first lower
mask pattern 35, the first temporary gate electrode 33, and the
first buffer layer 31 way be referred to as a first temporary gate
pattern 31, 33, 35, and 37. The first temporary gate pattern 31,
33, 35, and 37 may cross the first active region 23. A plurality
of'the first temporary gate patterns 31, 33, 35, and 37 may be
formed in parallel on the first active region 23.

A first inner spacer 42 may be formed on a sidewall of the
first temporary gate electrode 33. A first LDD 43 may be
formed by implanting the first conductivity-type impurities in
the first active region 23 using the first inner spacer 42, the
first upper mask pattern 37, the first lower mask pattern 35,
and the first temporary gate electrode 33 as an ion-implanta-
tion mask. A first halo 45 may be formed by implanting the
second conductivity-type impurities in the first active region
23. The first halo 45 may cover a side and a bottom of'the first
LDD 43. The formation of the first LDD 43 and the first halo
45 may include an ion-implantation process and a heat treat-
ment process.

A first intermediate spacer 47 may be formed on the first
inner spacer 42. A first faster etch rate part 49 may be formed
in the first active region 23 using the first intermediate spacer
47 as anion-implantation mask. A first outer spacer 51 may be
formed on the first intermediate spacer 47. The formation of
the first outer spacer 51 may include a thin film formation
process and an anisotropic etching process. An upper surface
of the first faster etch rate part 49 may be exposed.

A second well 322, a second active region 323, a second
device isolation layer 329, a second buffer layer 331, asecond
temporary gate electrode 333, a second lower mask pattern
335, and a second upper mask pattern 337 may be formed in
the second region 101C of the substrate 21. The second well
322 may include second conductivity-type impurities.

The second active region 323 may be confined to the sec-
ond well 322 by the second device isolation layer 329. The
second temporary gate electrode 333 may be formed to cross
the second active region 323. The second upper mask pattern
337, the second lower mask pattern 335, the second tempo-
rary gate electrode 333, and the second buffer layer 331 may
be referred to as a second temporary gate pattern 331, 333,
335, and 337. The second temporary gate pattern 331, 333,
335, and 337 may cross the second active region 323. A
plurality of the second temporary gate patterns 331, 333, 335,
and 337 may be formed in parallel on the second active region
323.

A second inner spacer 342 may be formed on a sidewall of
the second temporary gate electrode 333. A second LDD 343
may be formed by implanting the first conductivity-type
impurities in the second active region 323 using the second
inner spacer 342, the second upper mask pattern 337, the
second lower mask pattern 335, and the second temporary
gate electrode 333 as an ion-implantation mask. A second
halo 345 may be formed by implanting the second conduc-
tivity-type impurities in the second active region 323. The
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second halo 345 may cover a side and a bottom of the second
LDD 343. The formation of the second LDD 343 and the
second halo 345 may include an ion-implantation process and
a heat treatment process.

A second intermediate spacer 347 may be formed on the
second inner spacer 342. A second faster etch rate part 349
may be formed in the second active region 323 using the
second intermediate spacer 347 as an ion-implantation mask.
A second outer spacer 351 may be formed on the second
intermediate spacer 347. The formation of the second outer
spacer 351 may include a thin film formation process and an
anisotropic etching process. An upper surface of the second
faster etch rate part 349 may be exposed.

The first LDD 43 and the second LDD 343 may contain
boron. The second LDD 343 may have a boron concentration
higher than that of the first LDD 43. The first faster etch rate
part 49 and the second faster etch rate part 349 may contain
phosphorous. The second faster etch rate part 349 may have a
phosphorous concentration lower than that of the first faster
etch rate part 49.

In some embodiments, the second LDD 343 may contain a
boron concentration higher than that of the first LDD 43, and
the second faster etch rate part 349 may contain a phospho-
rous concentration lower than that of the first faster etch rate
part49. In some embodiments, the second faster etch rate part
349 may be omitted.

Referring to FIGS. 32 and 34, the first faster etch rate part
49, the first LDD 43, and the first halo 45 may be etched to
form a first preliminary trench 53. The first preliminary trench
53 may include a first upper trench 53 A aligned with the first
faster etch rate part 49 and a first lower trench 53B connected
to a bottom of the first upper trench 53A. The first upper
trench 53 A may be formed in the first LDD 43. The first lower
trench 53B may pass through the first LDD 43 to be formed in
the first halo 45. The first lower trench 53B may have a width
smaller than a width of the first upper trench 53 A. A sidewall
of the first preliminary trench 53 may have a step. For
example, a sidewall of the first LDD 43, which is exposed by
the first upper trench 53 A and the first lower trench 53B, may
have a step.

The second faster etch rate part 349, the second LDD 343,
and the second halo 345 may be etched to form a second
preliminary trench 353. The second preliminary trench 353
may include a second upper trench 353A aligned with the
second faster etch rate part 349 and a second lower trench
353B connected to a bottom of the second upper trench 353 A.
The second upper trench 353 A may be formed in the second
LDD 343. The second lower trench 353B may pass through
the second LDD 343 to be formed in the second halo 345. The
second lower trench 353B may have a width smaller than that
of the second upper trench 353A. A sidewall of the second
preliminary trench 353 may have a step. For example, a
sidewall of the second LDD 343, which is exposed by the
second upper trench 353 A and the second lower trench 353B,
may have a step.

The formation of the first preliminary trench 53 and the
second preliminary trench 353 may include a dry-etch pro-
cess, a wet-etch process, or a combination thereof. The for-
mation of the first preliminary trench 53 and the second
preliminary trench 353 may include an isotropic etching pro-
cess, an anisotropic etching process, or a combination
thereof. For example, the formation of the first preliminary
trench 53 and the second preliminary trench 353 may include
anisotropic dry-etch process using HBr, CF ,, O,, Cl,, NF;, or
a combination thereof. According to some embodiments, the
second LDD 343 having a boron concentration higher than
that of the first LDD 43 may have an etch rate lower than that
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of the first LDD 43. According to some embodiments, the
second faster etch rate part 349 having a phosphorous con-
centration lower than that of the first faster etch rate part 49
may have a lower etch rate than the first faster etch rate part
49.

Depending on the configuration of the first faster etch rate
part 49, the second faster etch rate part 349, the first LDD 43,
and the second LDD 343, sizes and shapes of the first upper
trench 53A, the first lower trench 53B, the second upper
trench 353A, and the second lower trench 353B may be
determined. Using the configuration of the first faster etch
rate part 49, the second faster etch rate part 349, the first LDD
43, and the second LDD 343, the sizes, the shapes, and the
positions of the first preliminary trench 53 and the second
preliminary trench 353 may be controlled as desired.

Referring to FIGS. 32 and 35, a first trench 55 in the first
active region 23 and a second trench 355 in the second active
region 323 may be formed using a directional etch process.
For example, the formation of the first trench 55 and the
second trench 355 may include a wet-etch process using
NH40H, NH3O0H, TMAH (Tetra Methyl Ammonium
Hydroxide), KOH, NaOH, BTMH (benzyltrimethylammo-
nium hydroxide), or a combination thereof.

The first active region 23 may have a first sigma-shape
(E-shape) due to the first trench 55. The first LDD 43 may be
retained under the first temporary gate pattern 31, 33, 35, and
37. The first active region 23 may include a first surface 23SU,
a first side surface 2381, a second side surface 23S2, and a
second surface 23S3. A first edge E1 may be defined between
the first side surface 23S1 and the first surface 23SU. A
second edge E2 may be defined between the first side surface
23851 and the second side surface 23S2.

The second active region 323 may have a second sigma-
shape (E-shape) due to the second trench 355. The second
LDD 343 may be retained under the second temporary gate
pattern 331, 333, 335, and 337. The second active region 323
may include a third surface 323SU, a third side surface
323S1, a fourth side surface 323S2, and a fourth surface
323S3. A third edge E31 may be defined between the third
side surface 323S1 and the third surface 323SU. A fourth edge
E32 may be defined between the third side surface 32351 and
the fourth side surface 323S2.

The first trench 55 may be interpreted as an extension of the
first preliminary trench 53, and the second trench 355 may be
interpreted as an extension of the second preliminary trench
353.

Referring to FIGS. 32 and 36, the first trench 55 may pass
through the first LDD 43 and the first halo 45. The first surface
23SU may be defined on an upper end of the first active region
23. For example, the first surface 23SU may be in contact with
the first buffer layer 31 and extend under the first inner spacer
42. The first trench 55 may expose the first side surface 2351,
the second side surface 2352, and the second surface 23S3.
The first side surface 2351 may be connected to the first
surface 23SU. The first side surface 23S1 may form an acute
angle with respect to the first surface 23SU. The second side
surface 2352 may be formed under the first side surface 2351.
The second side surface 2352 may have a slope different from
that of the first side surface 23S1. The second side surface
23S2 may form an acute angle with respect to a horizontal
extension line which is parallel to the substrate 21 and pass
through the second surface 23S3. A bottom of the first trench
55 may expose the second surface 23S3. The second surface
23S3 may be connected to the second side surface 23S2. The
first surface 23SU may be interpreted as an upper surface of
the first active region 23.
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The second trench 355 may pass through the second LDD
343 and the second halo 345. The third surface 323SU may be
defined on an upper end of the second active region 323. For
example, the third surface 323SU may be in contact with the
second buffer layer 331 and extend under the second inner
spacer 342. The second trench 355 may expose the third side
surface 32351, the fourth side surface 32352, and the fourth
surface 323S3. The third side surface 323S1 may be con-
nected to the third surface 323SU. The third side surface
323S1 may form an acute angle with respect to the third
surface 323SU. The fourth side surface 323S2 may be formed
under the third side surface 323S1. The fourth side surface
323S2 may have a slope different from that of the third side
surface 323S1. The fourth side surface 323S2 may form an
acute angle with respect to a horizontal extension line which
is parallel to the substrate 21 and pass fourth surface 32353. A
bottom of the second trench 355 may expose the fourth sur-
face 323S3. The fourth surface 323S3 may be connected to
the fourth side surface 323S2. The third surface 323SU may
be interpreted as an upper surface of the second active region
323.

Using the configuration of the first LDD 43 and the first
faster etch rate part 49, the first edge E1 and the second edge
E2 may be formed at desired positions. For example, first
edge E1 may be formed under the first inner spacer 42, and the
second edge E2 may be formed to be overlapped by the first
temporary gate electrode 33. The first edge E1 and the second
edge E2 may be located at a surface of the first LDD 43. The
first side surface 2351 may expose the first LDD 43. The
second side surface 2352 may expose the first LDD 43, the
first halo 45, and the first active region 23.

Using the configuration of the second LDD 343 and the
second faster etch rate part 349, the third edge E31 and the
fourth edge E32 may be formed at a desired position. For
example, the third edge E31 may be formed under the second
inner spacer 342, and the fourth edge E32 may be aligned with
an outer side of the second temporary gate electrode 333. The
third edge E31 and the fourth edge E32 may be located on a
surface of the second LDD 343. The third side surface 323S1
may expose the second LDD 343. The fourth side surface
323S2 may expose the second LDD 343, the second halo 345,
and the second active region 323.

A first horizontal distance X1 may be defined between the
second edge E2 and a straight line passing through a side
surface of the first temporary gate electrode 33 and perpen-
dicular to the substrate 21. A first vertical height Y1 may be
defined between the second edge E2 and a straight line pass-
ing through the first surface 23SU and parallel to the substrate
21. For example, the first horizontal distance X1 may be zero
to —5 nm, and the first vertical height Y1 may be 3 nmto 7 nm.
It may be interpreted that when the first horizontal distance
X1 is zero, the second edge E2 is vertically overlapped by the
side surface of the first temporary gate electrode 33, and when
the first horizontal distance X1 is a negative value, the second
edge E2 is vertically overlapped by a bottom of the first
temporary gate electrode 33.

A second horizontal distance X3 may be defined between
the fourth edge E32 and a straight line passing through a side
surface of the second temporary gate electrode 333 and per-
pendicular to the substrate 21. A second vertical height Y3
may be defined between the fourth edge E32 and a straight
line passing through the third surface 323SU and parallel to
the substrate 21. The fourth edge E32 may be formed at a
lower level than the second edge E2. For example, the second
horizontal distance X3 may be from +1 nm to +3 nm, and the
second vertical height Y3 may be from 8 nm to 12 nm. It may
be interpreted that when the second horizontal distance X3 is
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a positive value, the second temporary gate electrode 333
does not overlap the fourth edge E32.

Referring to FIGS. 32 and 37, a first semiconductor layer
61 may be formed in the first trench 55. A second semicon-
ductor layer 62 may be formed on the first semiconductor
layer 61. A third semiconductor layer 63 may be formed on
the second semiconductor layer 62. The first semiconductor
layer 61, the second semiconductor layer 62, and the third
semiconductor layer 63 may form a first embedded stressor
65.

A fourth semiconductor layer 361 may be formed in the
second trench 355. A fifth semiconductor layer 362 may be
formed on the fourth semiconductor layer 361. A sixth semi-
conductor layer 363 may be formed on the fifth semiconduc-
tor layer 362. The fourth semiconductor layer 361, the fifth
semiconductor layer 362, and the sixth semiconductor layer
363 may form a second embedded stressor 365. The fourth
semiconductor layer 361 may include the same material layer
formed concurrently with the first semiconductor layer 61,
the fifth semiconductor layer 362 may include the same mate-
rial layer formed concurrently with the second semiconductor
layer 62, and the sixth semiconductor layer 363 may include
the same material layer formed concurrently with the third
semiconductor layer 63.

A first interlayer insulating layer 71 and a second interlayer
insulating layer 371 may be formed on the substrate 21. The
first temporary gate pattern 31, 33, 35, and 37 may be
removed to expose the first active region 23, and the second
temporary gate pattern 331, 333, 335, and 337 may be
removed to expose the second active region 323.

A first gate dielectric layer 73, a second gate dielectric
layer 75, a first gate electrode 77, and a second gate electrode
79 may be formed on the first active region 23. A third gate
dielectric layer 373, a fourth gate dielectric layer 375, a third
gate electrode 377, and a fourth gate electrode 379 may be
formed on the second active region 323. The third gate dielec-
tric layer 373 may have a similar configuration to the first gate
dielectric layer 73, the fourth gate dielectric layer 375 may
have a similar configuration to the second gate dielectric layer
75, the third gate electrode 377 may have a similar configu-
ration to the first gate electrode 77, and the fourth gate elec-
trode 379 may have a similar configuration to the second gate
electrode 79.

Referring to FIGS. 32 and 38, the first embedded stressor
65 may pass through the first LDD 43 and the first halo 45 to
be in contact with the first active region 23. A bottom of the
first embedded stressor 65 may be formed at alower level than
the first halo 45. The first embedded stressor 65 may be in
contact with the first side surface 2351 and the second side
surface 23S2. The second embedded stressor 365 may pass
through the second LDD 343 and the second halo 345 to be in
contact with the second active region 323. A bottom of the
second embedded stressor 365 may be formed at a lower level
than the second halo 345. The second embedded stressor 365
may be in contact with the third side surface 323S1 and the
fourth side surface 323S2.

The second edge E2 may be formed on a surface of the first
LDD 43, and the fourth edge E32 may be formed on a surface
of'the second LDD 343. The second edge E2 may be formed
atahigher level than the fourth edge E32. The second edge E2
may overlap a bottom of the first gate electrode 77, and the
fourth edge E32 may be aligned with an outer side of the third
gate electrode 377.

FIGS. 39 and 40 are a perspective view and a block diagram
of an electronic apparatus, respectively, according to some
embodiments of the present inventive concepts. Referring to
FIG. 39, the semiconductor device according to some
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embodiments may be applied to electronic systems such as a
smart phone 1900, a netbook, a notebook, or a tablet PC. For
example, the semiconductor device according to some
embodiments may be installed in a main board of the smart
phone 1900. Further, the semiconductor device according to
some embodiments may be provided to an expansion appa-
ratus such as an external memory card to be combined with
the smart phone 1900.

Referring to FIG. 40, the semiconductor device according
to some embodiments may be applied to an electronic system
2100. The electronic system 2100 may include a body 2110,
amicroprocessor unit 2120, apower unit 2130, a function unit
2140, and/or a display controller unit 2150. The body 2110
may be a motherboard formed of a printed circuit board
(PCB). The microprocessor unit 2120, the power unit 2130,
the function unit 2140, and the display controller unit 2150
may be mounted or installed on the body 2110. A display unit
2160 may be arranged inside or outside of the body 2110. For
example, the display unit 2160 may be arranged on a surface
of the body 2110 and display an image processed by the
display controller unit 2150.

The power unit 2130 may receive a constant voltage from
an external battery, etc., divide the voltage into various levels,
and supply those voltages to the microprocessor unit 2120,
the function unit 2140, and the display controller unit 2150,
etc. The microprocessor unit 2120 may receive a voltage from
the power unit 2130 to control the function unit 2140 and the
display unit 2160. The function unit 2140 may perform vari-
ous functions of the electronic system 2100. For example,
when the electronic system 2100 is a mobile phone, the func-
tion unit 2140 may have several components which can per-
form mobile phone functions such as output of an image to the
display unit 2160 or output of a voice to a speaker, by dialing
or communication with an external apparatus 2170. If a cam-
era is installed, the function unit 2140 may function as an
image processor.

According to some embodiments, when the electronic sys-
tem 2100 is connected to a memory card, etc. in order to
expand capacity, the function unit 2140 may be a memory
card controller. The function unit 2140 may exchange signals
with the external apparatus 2170 through a wired or wireless
communication unit 2180. In addition, when the electronic
system 2100 needs a universal serial bus (USB), etc. in order
to expand functionality, the function unit 2140 may function
as an interface controller. Further, the function unit 2140 may
include a mass storage apparatus.

The semiconductor device according to some embodi-
ments may be applied to the function unit 2140 or the micro-
processor unit 2120. For example, the microprocessor unit
2120 may include the embedded stressor 65. The micropro-
cessor unit 2120 may have good electrical characteristics due
to the configuration of the embedded stressor 65.

FIG. 41 is a block diagram of an electronic system accord-
ing to some embodiments of the present inventive concepts.
Referring to FI1G. 41, the electronic system 2400 may include
at least one of semiconductor devices according to some
embodiments. The electronic system 2400 may be used to
fabricate a mobile apparatus or a computer. For example, the
electronic system 2400 may include a memory system 2412,
a microprocessor 2414, a random access memory (RAM)
2416, a bus 2420, and a user interface 2418. The micropro-
cessor 2414, the memory system 2412, and the user interface
2418 may be connected each other via the bus 2420. The user
interface 2418 may be used to input/output data to/from the
electronic system 2400. The microprocessor 2414 may pro-
gram and control the electronic system 2400. The RAM 2416
may be used as an operation memory of the microprocessor
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2414. The microprocessor 2414, the RAM 2416, and/or other
components may be assembled in a single package. The
memory system 2412 may store codes for operating the
microprocessor 2414, data processed by the microprocessor
2414, or external input data. The memory system 2412 may
include a controller and a memory.

The microprocessor 2414, the RAM 2416, or the memory
system 2412 may include the semiconductor device accord-
ing to some embodiments. For example, the microprocessor
2414 may include the embedded stressor 65. The micropro-
cessor 2414 may have good electrical characteristics due to
the configuration of the embedded stressor 65.

Semiconductor devices according to some embodiments
may include an embedded stressor filling a trench formed in
an active region. The formation of the trench may include
forming a faster etch rate part by implanting phosphorous in
an LDD, forming a first trench by isotropically etching the
faster etch rate part, and forming a second trench using a
directional etch process. The embedded stressor may fill the
trench. Semiconductor devices according to some embodi-
ments may have good electrical characteristics because the
control of a size, a shape, and a position of the embedded
stressor may be easy/improved, the pattern-loading effect
may be reduced/minimized, and variation according to the
position of the active region between the center area and an
edge area may be reduced.

The above-disclosed subject matter is to be considered
illustrative, and not restrictive, and the appended claims are
intended to cover all such modifications, enhancements, and
other embodiments, which fall within the true spirit and scope
of the inventive concepts. Thus, to the maximum extent
allowed by law, the scope is to be determined by the broadest
permissible interpretation of the following claims and their
equivalents, and shall not be restricted or limited by the fore-
going detailed description.

What is claimed is:

1. A method of forming a semiconductor device, the
method comprising:

forming a lightly doped drain (LLDD) in an active region in

a substrate;
forming a fast etching region comprising phosphorous in
the LDD;

forming a first trench in the active region by recessing the

fast etching region;

forming a second trench in the active region by enlarging

the first trench using a directional etch process, wherein
the second trench comprises a notched portion of the
active region, the notched portion of the active region
comprises an upper sidewall and a lower sidewall con-
tacting the upper sidewall, an angle between an upper-
most surface of the active region and the upper sidewall
comprises an acute angle, and the upper sidewall is
non-coplanar with the lower sidewall;

forming a stressor in the second trench; and

forming a gate electrode on the active region.

2. The method of claim 1, wherein forming the first trench
comprises performing an isotropic etch process, the first
trench comprising an upper trench formed by recessing the
fast etching region and a lower trench connected to a lower
portion of the upper trench, the lower trench having a first
width narrower than a second width of the upper trench.

3. The method of claim 1, wherein the upper sidewall
contacts the lower sidewall at a convergence interface on a
surface of the LDD.
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4. The method of claim 1, wherein the upper sidewall of the
notched portion contacts the uppermost surface of the active
region, and a width of'the fast etching region is narrower than
a width of the LDD.

5. The method of claim 1, further comprising:

forming a preliminary gate electrode on the active region

and a spacer on a sidewall of the preliminary gate elec-
trode before forming the LDD; and

removing the preliminary gate electrode after forming the

stressor.
6. The method of claim 1, further comprising:
forming a preliminary gate electrode on the active region
and a spacer on a sidewall of the preliminary gate elec-
trode before forming the fast etching region; and

removing the preliminary gate electrode after forming the
stressor.

7. The method of claim 1, further comprising:

forming a preliminary gate electrode on the active region

and a spacer on a sidewall of the preliminary gate elec-
trode before forming the first trench; and

removing the preliminary gate electrode after forming the

stressor.

8. The method of claim 1, wherein forming the stressor
comprises:

forming a first semiconductor layer in the second trench;

forming a second semiconductor layer on the first semi-

conductor layer; and

forming a third semiconductor layer on the second semi-

conductor layer,

wherein the first and second semiconductor layers com-

prise a material absent from the active region.

9. The method of claim 1, wherein the LDD defines a
profile of the notched portion of the active region.

10. The method of claim 2, wherein forming the first trench
further comprises performing an anisotropic etch process
before performing the isotropic etch process.

11. The method of claim 3, wherein the gate electrode
overlaps the convergence interface of the upper and lower
sidewalls and an edge potion of the upper sidewall protrudes
beyond an adjacent sidewall of the gate electrode.

12. The method of claim 4, wherein a first depth of the fast
etching region is shallower than a second depth of the LDD.

13. The method of claim 4, wherein a portion of the fast
etching region is between the LDD and the stressor, after
forming the stressor.

14. The method of claim 8, wherein forming the first,
second and third semiconductor layers comprises performing
selective epitaxial growth (SEG) processes.

15. The method of claim 9, wherein the LDD comprises
boron.

16. The method of claim 12, wherein a portion of the LDD
is formed between the active region and the fast etching
region.

17. The method of claim 14, wherein the first and second
semiconductor layers comprise respective silicon germanium
layers, and a germanium concentration of the second semi-
conductor layer is greater than that of the first semiconductor
layer.

18. The method of claim 17, wherein the third semicon-
ductor layer comprises a Si layer.

19. A method of forming a semiconductor device, the
method comprising:

forming a gate structure on a substrate;

forming a doped pattern adjacent a side of the gate structure

in the substrate;
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forming a first preliminary cavity by etching a portion of
the doped pattern using the gate structure as an etch
mask, wherein a side of the first preliminary cavity
exposes the doped pattern;

forming a second preliminary cavity by selectively etching

the doped pattern;

forming a cavity by etching exposed surfaces of the second

preliminary cavity using a directional etch process,
wherein the cavity comprises a recess under the gate
structure and the recess comprises two converging
sloped portions; and

forming a stressor in the cavity.

20. The method of claim 19, wherein forming the doped
pattern comprises implanting phosphorous into the substrate
using the gate structure as an implant mask.

21. The method of claim 19, wherein the side of the first
preliminary cavity is aligned to the side of the gate structure.

22. The method of claim 20, the method further compris-
ing:

forming a lightly doped drain (LDD) in the substrate adja-

cent the side of the gate structure before forming the
doped pattern, wherein at least a portion of the doped
pattern is formed in the LDD.

23. The method of claim 21, wherein the directional etch
process comprises an etch process etching the substrate at a
plurality of different etch rates according to crystal orienta-
tions of the substrate, and

wherein the recess comprises a notched portion comprising

the two converging sloped portions.

24. The method of claim 22, the method further compris-
ing:

forming a spacer pattern on a side of the gate structure after

forming the LDD, wherein implanting phosphorous
comprises implanting phosphorous using the spacer pat-
tern and the gate structure as an implant mask.

25. The method of claim 22, wherein the recess of the
cavity is defined by the LDD such that a portion of the stressor
is disposed between opposite portions of the LDD.
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26. A method of forming a semiconductor device, the
method comprising:

forming a gate structure on an active region in a substrate;

forming a lightly doped drain (LLDD) adjacent a side of the

gate structure in the substrate;

forming a fast etching region comprising phosphorous in

the LDD;

forming a first trench in the active region by recessing the

fast etching region;
forming a second trench in the active region by enlarging
the first trench using a directional etch process, the sec-
ond trench comprising a notched portion of the active
region and the notched portion exposing the LDD; and

forming a stressor in the second trench, a portion of the
stressor being disposed between opposite portions of the
LDD.

27. The method of claim 26, wherein:

forming the first trench comprises performing an isotropic
etch process to form an upper trench of the first trench by
removing the fast etching region and to form a lower
trench of the first trench that is connected to a lower
portion of the upper trench by removing a portion of the
LDD underlying the fast etching region; and

the lower trench has a first width narrower than a second

width of the upper trench.

28. The method of claim 26, wherein the notched portion of
the active region comprises an upper sidewall and a lower
sidewall contacting the upper sidewall, and the upper sidewall
contacts the lower sidewall at a convergence interface on a
surface of the LDD.

29. The method of claim 27, wherein forming the first
trench further comprises performing an anisotropic etch pro-
cess before performing the isotropic etch process using the
gate structure as an etching mask.

30. The method of claim 28, wherein the LDD comprises
boron.



